Resource limitation theory regarding water versus nutrient limitation predicts on the one hand that, because of uptake trade-offs, increases in water will increase limitation by nutrients; on the other hand, because of supply interactions, increases in water will lead to correlated increases in nutrient availability. Using root ingrowth into resource-enriched soil cores as an assay of resource limitation, we report the effect of variable water supply on two experiments in the New Jersey Pinelands. In the first experiment in an upland oak-pine habitat, root ingrowth was highest in nitrogen-enriched cores in a wet year and highest in water-enriched cores in a dry year. In the second experiment in four vegetation types that differ in water table depth, roots grew more into nitrogen-enriched cores in all habitats, but nitrogen cores did not stimulate more ingrowth in wet (pitch pine lowland, hardwood swamp) versus dry habitats (pine-oak upland, oak-pine upland). Experiment 1 is consistent with the expectation that increasing water will increase relative limitation by mineral nutrients, but experiment 2 is not. Experiment 2 is consistent with an alternate hypothesis that long-term plant-soil feedback will result in higher nutrient acquisition in sites of higher water availability.
Introduction
Globally, terrestrial vegetation productivity is closely linked to water availability (Rosenzweig 1968) , and at the same time most systems show nutrient limitation, as evidenced by growth response to fertilizer (Chapin 1980) . This raises the question, are these systems water-limited, nutrientlimited, or both? For example, variation in the vegetation of the New Jersey Pinelands (Forman 1979) across the landscape is strongly controlled by variation in water availability (due to water table depth; McCormick 1979), yet experiments commonly demonstrate nutrient limitation of growth (Ehrenfeld 1984; Gleeson and Good 2003; Dighton et al. 2004 ).
Liebig's ''Law of the Minimum'' (von Liebig 1855) predicts that whichever resource is in lowest supply relative to demand will be limiting, predicting a shift from water to nutrients as water availability increases. Theories incorporating plant uptake adjustment predict that limitation is balanced between water and nutrients (and other resources; Bloom et al. 1985; Chapin et al. 1987 ), but degree of relative limita-tion is expected to vary, with higher growth responses to addition of more limiting (costly) resources (Gleeson and Tilman 1992) . Thus even theories predicting co-limitation would predict increasing response to nitrogen with increasing water availability. Moreover, resources fluctuate and even well-adjusted systems may not be able to fully adapt to resource changes in space and time. Thus it seems reasonable to predict that as water availability increases, relative nutrient limitation will increase.
However, water interacts with nutrients, complicating these predictions. Water is a resource used directly, it controls carbon uptake via stomatal control, it can have variable effects on nutrients (enhancing weathering, organic and atmospheric inputs, microbial mineralization, bulk flow, and leaching), and it can even suppress plant growth when in excess. Thus, water can affect not only nutrient uptake, but also nutrient supply. In fact, ecosystem theory predicts that in the long term, because of controls on soil formation, plant-soil systems tend to accumulate nutrients to balance increased carbon fixation (Schimel et al. 1997; Cannell and Thornley 2003) . Thus there are various reasons to expect that increases in water availability might simultaneously enhance nutrient availability, at least partially ameliorating any shift in relative limitation between water and nutrients.
We explore the question of water versus nutrient limitation in the New Jersey Pinelands in two experiments using resource-enriched root ingrowth cores, a technique that has been increasingly used as an assay of limiting factors (Raich et al. 1994; Blair and Perfecto 2008; Gress et al. 2007 ). Resource limitation of growth was not directly measured in this study. The first experiment incorporated an unplanned event, the drought year of 1988 (Namias 1991) . Root response to soil cores enriched with fertilizer and (or) water was measured in an oak-pine upland site in two years: one unusually dry (1988) and the next average-wet (1989). The second experiment used the natural variation in water table gradient of the landscape as the background for a test of root response to nutrient-enriched soil cores. We hypothesized that increasing water availability would decrease water limitation, resulting in increased relative limitation by other resources, including mineral nutrients. This hypothesis predicts that root response to mineral nutrients would increase in a wet year (experiment 1) and in habitats with higher water table (experiment 2).
Methods

The Pinelands
The New Jersey Pinelands is a large and extensively studied natural landscape in southeastern New Jersey (Forman 1979; Gemmell et al. 1989; Collins and Russell 1988) . The nutrient-poor acidic soils derive from deep coarse sand (Tedrow 1979) , and while rainfall is sufficient to support forest, rapid drainage results in high fire frequency in dry periods. In this relatively flat and fire-prone landscape, the water table depth gradient becomes the dominant abiotic driver of vegetation composition. As a result, the vegetation is usefully subdivided into upland and lowland habitats (McCormick 1979) . The water gradient also interacts with the fire disturbance gradient, with uplands burning more frequently than lowlands. In uplands, oak (Quercus velutina Lam., Quercus prinus L., Quercus alba L.) replaces fire-tolerant pine (Pinus rigida Mill., Pinus echinata Mill.) if fire is suppressed, leading to upland habitats identifiable as oak-pine or pine-oak depending on species dominance. An extreme upland form is the Pine Plains, with dwarfed pines and shrub oaks molded by unusually high fire frequency because of landscape features. In areas of higher water table, usually nearer streams, transitional habitats called pitch pine lowlands border the hardwood swamps (Nyssa sylvatica Marsh., Acer rubrum L., Betula populifolia Marsh.) or Atlantic white cedar swamps (Chamaecyparis thyoides (L.) BSP) found along the watercourses. Fire may also be important in promoting regeneration of the shade-intolerant white cedar (Roman et al. 1987) . Parallel changes occur in the soil with changing water table, notably an increase in the depth of the organic layer with higher water (Ehrenfeld et al. 1992) . In this study, four of these habitat types were used to assess the effects of water table gradient.
Root cores
In the resource-enriched ingrowth core technique, a core of soil is removed and replaced with a root-free core of soil amended with selected resources. After some period of time, the core is extracted and the roots that have grown in it are measured. In this project (following Gleeson and Good 2003) , a soil core (10.3 cm diameter by 15 cm deep) was removed, the hole filled with sifted (1 mm screen) local sand, and the location of the core marked for later extraction. No container is used, reducing boundary problems (Caldwell and Virginia 1989) . Nutrients were added to the cores by mixing dry fertilizers into the top 3 cm of the filled core. Water-enriched cores were created by drip devices associated with each core. The device was a plastic (3.8 L) bottle raised 15 cm above the soil, connected by tubing to a valve staked in the center of the core. The tube acted as a siphon to deliver the water to the core. At harvest, cores were extracted and rinsed over 1 mm mesh screen, the fine roots (<2 mm fresh diameter) dried to constant mass at 60 8C and weighed to the nearest 0.0001 g. No attempt was made to separate roots by species.
Nutrients
In both experiments, the nutrients were commercially available fertilizers, with N added as ammonium nitrate, P as P 2 O 5 , K as K 2 O, Ca and Mg as lime (CaCO 3 , MgCO 3 ), and micronutrients in a commercial mix (Micromax, the Scott's Company, Marysville, Ohio, USA; 12% S, 0.1% B, 0.5% Cu, 12% Fe, 2.5% Mn, 0.05% Mo, 1% Zn). In both experiments (but see experiment 1), the fertilizers were applied at the following per area rates to the cores: 20 g/m 2 for N, P, and K, lime at 200 g/m 2 , and micronutrient mix at 200 g/m 2 to be comparable to typical levels that stimulate forest production.
Experiment 1: oak-pine upland in a dry and wet year
An oak-pine upland forest plot was established in 1988 near the Rutgers Pineland Field Station. The plot was defined by an array of root cores spaced at 1 m Â 1 m intervals. The core treatments in the first year were no addition (C), nitrogen (N), phosphorus (P), complete mix (NPR; R representing all other nutrients), water (W), and all nutrients plus water (NPRW). The P and K levels in all treatments the first year (P at 8.74 g/m 2 , K at 16.6 g/m 2 ) were adjusted to be comparable to an included slow release fertilizer treatment not reported here, rather than set at 20 g/m 2 (N was set at 20 g/m 2 ). Water bottles were filled every 5 days. Core replicates were harvested after 5 weeks. All treatments were replicated 10 times. The overall core grid was divided into 10 contiguous blocks of 30 cores each (5 Â 6 array), each containing randomized array of one replicate of each treatment. Cores were installed 26-28 July 1988, harvested 7 weeks later 7-11 September 1988. A modified version of the experiment was conducted in the following year with modified treatments on a contiguous plot. Core treatments were C, N, P, R, W, NPRW, with 20 replicates in a 12 Â 20 grid. P and K levels were set at 20 g/m 2 . Cores were installed 17-18 August 1989 and harvested 5 weeks later 21 and 24 September 1989. While ingrowth cores can be left in for extended periods, in fact root proliferation in response to resource patches is quite rapid (Pregitzer et al. 1993 , S.K. Gleeson and R.E. Good, unpublished results).
Precipitation data was obtained from Havens (1979) for a 42-year average at Pemberton and for the years of the study from Atlantic City (NOAA, from information received at the National climatic Data Center, Asheville, North Carolina, USA).
Experiment 2: root response in four habitats on a water gradient
Root core grids were established in four vegetation types; oak-pine upland, pine-oak upland, pitch pine lowland, and hardwood swamp. One site of each type was identified in two watersheds (Cooper's Branch and Deer Park Branch) for a total of eight sites. These site types include two relatively dry types (upland), a wet type (swamp), and transitional (lowland), and are typical of the Pinelands water table gradient (McCormick 1979; Roman et al. 1985) . Attempts to include cedar swamp with this root core method failed because of the thick sphagnum development in these sites. All other sites were characterized by sandy subsoil below a thin organic horizon. Core treatments were C, N, P, R, and NPR at the standard levels, 10 replicates per treatment, completely randomized in the grid. Cores were installed 24-31 August 1989 and harvest 6 weeks later 4-11 October 1989 in the same order as installed.
Analysis
Most comparisons were done using ANOVA. Experiment 2 was split plot design for which the whole plot factor error terms were plot nested in watershed by habitat interaction. Multiple comparisons for all fertilizer effects were determined by LSD on planned comparisons of each fertilizer treatment effect as compared with the control. All analyses were done in PC SAS version 6.08 (SAS Institute Inc. 1988).
Results
Experiment 1
The rainfall patterns in the two years indicate that 1989 was a wetter year than 1988, which was drier than average ( Fig. 1) . In the first (dry) year, three treatments significantly exceeded the control: NPRW, W, and NPR (F [7, 72] = 7.56, p < 0.0001). This is consistent with water and perhaps some nutrient in R increasing root growth, although no separate R treatment was included in this year (Fig. 2a) . In the second (wet) year (F [5, 114] = 21.19, p < 0.0001), N and NPRW treatments were significantly greater than the control (Fig. 2b) . Thus only treatments including N elicited a root response. Comparing years 1 and 2, the similar treatments were C, N, P, W, and NPRW. The rank of these treatments in year 1 was NPRW > W > N > P > C and in year 2 was N > NPRW > W > C > P, suggesting no correlation between responsiveness between the two years (direct correlation of means is not significant). Overall, the data seem most consistent with a preponderance of root growth into waterenriched cores in the dry year switching to nitrogen-enriched cores in the wet year.
Experiment 2
Core treatment was significant overall (df = 4, F = 5.87, p = 0.004), with N cores significantly greater in root biomass than the control (see Fig. 3a ). NPR was greater than the control, but not significantly (p = 0.11). Neither habitat nor watershed were significant, and the habitat-core interaction was not significant. In particular, there was no trend of increased N response in the wetter habitats ( Fig. 3b ; treatments lumped for illustration). The habitats are not clearly distinct, although the hardwood swamp tended to have relatively high root colonization, and the pine-dominated habitats, pitch pine lowland and pine-oak upland had low root colonization, but the habitat differences were not strongly consistent between replicates (significant site Â habitat interaction, df = 3, F = 10.7, p = 0.0004).
Discussion
The expectation of reduced root ingrowth in response to nutrients with increased water availability was supported by experiment 1 but not by experiment 2. When water varied across years in a single site (experiment 1), in a normal- wet year roots preferentially grew in nitrogen-enriched cores, but in a dry year they grew more into watered cores, suggesting increased relative nutrient limitation with increasing water availability. In contrast, when comparing established vegetation in different habitats across a water table gradient in a single year (experiment 2), all sites had preferential growth into nitrogen patches with no tendency for more roots in nitrogen cores in wetter sites (no habitat Â treatment interaction), suggesting that increased water availability did not result in increased nitrogen limitation.
One notable difference between these two experiments is that experiment 1 compares the same system at two different supply levels, and experiment 2 compares different systems with chronically different water levels. The apparent switch in limitation from nitrogen to water in experiment 1 implies that when water availability declines and sufficient nutrients remain available, water becomes the most limiting resource. In experiment 2, chronic differences in water availability have presumably favored shifts in genotypes and species adapted to these differences, reducing the impact of reduced water in drier habitats. Moreover, the soil feedback hypothesis (Schimel et al. 1997; Cannell and Thornley 2003) predicts that as water supply increases, carbon fixation increases and thus ability to acquire and retain nutrients, leading to correlated increase in water and nutrient supply in well-adapted ecosystems. Interestingly, Zampella et al. (1992 , see also Ehrenfeld et al. 1992 ) report correlated changes in soil moisture (10.2% to 57.0%), NH 4 -nitrogen (42.6 to 76.2 mg/m 2 ), and soil organic matter (4% to 11%) with water table change (103 to 22 cm depth) across a gradient from dry to wet habitats in the Pinelands very similar to the gradient reported here, as predicted by the soil feedback hypothesis. Perhaps it could be generalized that in a comparison of stable ecosystems across space (experiment 2), water and nutrient supply (and limitation) may be positively associated, but in disturbed or fluctuating systems across time (experiment 1), a negative association (more water inducing relatively more nutrient limitation) is more likely (provided that nutrient availability does not increase proportionately). Hooper and Johnson (1999) , in a synthesis of grassland studies, compared responses to fertilization with precipitation varying geographically and across years. Their compar- (1989) . Asterisks indicate significant difference from control (*, p < 0.05; **, p < 0.001). Treatment codes are no addition (C), nitrogen (N), phosphorus (P), all nutrients except N and P (R), and water (W). Combinations of letters are combinations of treatments. isons directly parallel our two experiments. They conclude that evidence does not support a negative association (of water and nutrient supply) either across a geographical gradient in annual precipitation or within sites with variation in precipitation from year to year, but rather suggests a positive association-colimitation for water and nitrogen. Their results are similar to ours for the spatial-habitat gradient -changing overall water availability (annual precipitation) results in a change in vegetation but relatively constant nutrient limitation. This is consistent with many studies that show significant nutrient limitation from riparian (Adair and Binkley 2002; Schade and Lewis 2006) to desert (Lajtha and Whitford 1989; James et al. 2005) habitats. In contrast with our results, in grasslands where fertilization has been done in multiple years with variable precipitation, Hooper and Johnson (1999) found no significant effect on response to fertilization. One interesting exception, consistent with our results, was in the strongly nitrogen-limited grasslands of Cedar Creek, Minnesota, USA (Tilman 1990 (Tilman , 1996 , where limitation switched to water in only 1 year, the 1988 drought year. Perhaps in some of these systems, nitrogen may be so limiting that only extreme water limitation will suppress response to N. We are not aware of a comparable analysis for forest systems. Coyle and Coleman (2005) , summarizing experimental studies, conclude that irrigation and fertilization experiments provide evidence for both water and nutrient limitation of forests, and studies that combine the two ''indicate that forest production is generally limited by nutrient availability, but that response to nutrient amendment is dependent upon adequate moisture availability.'' It would be very interesting to compare fertilization effects as a function of rainfall for forests, as Hooper and Johnson (1999) do for grasslands.
Despite extensive evidence that roots proliferate in patches of limiting resources since Drew (1975) , the assumption that root ingrowth reflects resource limitation may be oversimplified. Resource limitation was not directly measured in this study. Enriched ingrowth cores are being used as an assay of limiting factors, and some studies support this inference (Raich et al. 1994; Gleeson and Good 2003) . Gleeson and Good (2003) emphasize that they are more correctly thought of as a measure of allocation to uptake and an indirect measure of limitation. Gleeson and Tilman (1992) predict a positive correlation between allocation and limitation, but this inference assumes that the vegetation is in equilibrium with resource supply. We think experiment 2 reasonably satisfies the assumptions that the vegetation has adjusted (including species replacements) to the local conditions, and conditions at the time of measurement are typical. Thus the relatively constant response to nitrogen across the water gradient may imply a relatively constant degree of N limitation as water availability changes. Root ingrowth, however, may not be a complete measure of overall plant allocation, especially for trees, since it is such a small proportion of overall allocation. Root growth may reflect soil exploration as well as uptake. Moreover, since species composition has changed across the gradient, drought tolerance certainly changes along with relative water versus nutrient demand. In addition, species differ in their root responsiveness to resources, and soil compaction and moisture level directly affect root growth, so interpreting patterns across vegetation types is problematic. The comparison of years (experiment 1), in contrast, involves a single vegetation system confronting variable resource supply. However, this potentially violates the assumption of equilibrium adaptation and undermines using allocation to predict limitation. It may be that the shift from response of water cores to nitrogen cores implies a shift in limitation, but the shift in allocation may help maintain stable co-limitation by nitrogen and water in both years (i.e., minimal change in overall productivity). If that interpretation were true, the results here might be seen as more equivalent to the surprising results of Hooper and Johnson (1999) , with no strong evidence for a negative association of limitation for water and nitrogen, either across space or time. Gleeson and Good (2003) directly compared plot fertilization and core enrichment and found significant growth responses to nitrogen and potassium, but significant root response only to nitrogen, indicating that root response alone may be misleading. In this study, root response to potassium (in ''R'') is only suggested in experiment 1 in the dry year. The resource-enriched ingrowth core method can be useful because it is relatively inexpensive, highly replicable, has low site impact, and can potentially examine allocation variability in space and time, but caution needs to be used when inferring resource limitation.
